The developmental period of adolescence is characterized by increasing incidence of health risk behaviors (HRBs). Based on theoretical models that emphasize the moderating role of cognitive control, this study examined how neural correlates of cognitive control and risk sensitivity interact to predict HRBs among late adolescents (17-20 years). Neuroimaging data indicate that risk-related hemodynamic activity in the anterior insula during anticipation of uncertain outcomes predicts HRBs among late adolescents exhibiting greater dorsal anterior cingulate cortex (dACC) activity during a cognitive interference task but not among late adolescents requiring less dACC activity. These results present neural evidence for a significant moderating effect of cognitive control on the link between risk sensitivity and HRBs among late adolescents.
The developmental period of adolescence is characterized by heightened vulnerability to health risk behaviors (HRBs), including experimenting with drugs and alcohol and engaging in unsafe sexual activity, that together are proximal causes of drug addiction and sexually transmitted diseases (Centers for Disease Control and Prevention [CDC], 2014) . Risk taking in adolescence is increasingly thought to be derived in part from distinct developmental trajectories of two neural systems: a network underlying the valuation of reward and risk associated with appetitive and aversive stimuli, and a network exerting control over the pursuit or avoidance of risky options (Casey, Getz, & Galv an, 2008; Steinberg, 2010) . One variation of this dual systems model, the triadic model, emphasizes three neural systems that are responsible for approach or motivation (striatum, orbitofrontal cortex), avoidance or emotion (insula, amygdala, hippocampus), and the regulatory system (dorsolateral prefrontal cortex, ventromedial cortex, orbital prefrontal cortex, anterior cingulate cortex). Similar to the dual systems model, the triadic model emphasizes the potential imbalance in maturation across these brain regions and highlights the importance of functional connectivity between these interrelated regions (Ernst & Fudge, 2009 ). Although such developmental imbalance describes ontogenetic trajectories of brain development, it does not explain why only a subset of adolescents is prone to engage in serious risky behaviors that confer negative health consequences, thus highlighting the significance of individual differences in brain development related to adolescent substance use (e.g., Bjork & Pardini, 2015) . In addition, prior studies have primarily focused on examining independent contributions of these two neural systems to risk taking, particularly neural responses to reward. The role of neural responses to risk in the development of HRBs is not clearly understood; thus, it is examined in this study.
Work in decision neuroscience has revealed neural mechanisms that underlie decisions made in risky environments. Neuroimaging studies among adults have identified neural representations of (1) the appetitive or aversive value associated with the potential outcome of a decision and (2) the probability or risk associated with potential outcomes (Levy & Glimcher, 2012) . Although neuroimaging research to date has paid less attention to risk sensitivity compared to reward seeking related to adolescents' risky decision making, available studies have demonstrated that adolescents show greater corticostriatal recruitment than adults during the avoidance of risk (Barkley-Levenson, Van Leijenhorst, & Galv an, 2013) and adolescents show lower amygdala activation in response to reward omission (Ernst et al., 2005) . Prior neuroimaging work in adults has identified separable representations of value and risk, with processing of risk being most consistently associated with activity in the insular cortex (Mohr, Biele, & Heekeren, 2010) . However, work in adolescents has yet to examine processing of risk separately from processing of value, and thus, we focus on neural activity associated with differing levels of risk, while controlling for the expected value of decision options. The definition of risk for risk sensitivity in this study is consistent with the behavioral economics views on risk, namely variance of potential outcomes. As reviewed by Schonberg, Fox, and Poldrack (2011) , this definition of risk is different from the clinical definition of risk (i.e., potential for negative outcomes) that is implied by HRBs (i.e., behaviors that harm oneself or others).
Neural correlates of cognitive control have been posited to contribute to impulse control difficulties in adolescence (Casey et al., 2008) . The ability to detect and respond to behavioral errors is a critical component of cognitive control and is supported by a network of prefrontal regions, including the anterior cingulate cortex (Luna, Padmanabhan, & O'Hearn, 2010) . Indeed, brain activation in cognitive control-related brain regions (orbitofrontal/ ventrolateral prefrontal cortex and dorsal anterior cingulate cortex) is correlated with risk-taking performance and substance use behavior in adolescents (Eshel, Nelson, Blair, Pine, & Ernst, 2007; Feldstein Ewing, Houck, & Bryan, 2015; see KimSpoon, Kahn et al., 2016 for review) .
Based on theories proposing that cognitive control system is a "regulator" that modulates the operation of reactive responses to the environment to serve goal-directed behavior (Carver, Johnson, & Joormann, 2008; Ernst & Fudge, 2009 ), we hypothesized that cognitive control would statistically moderate the link between risk sensitivity and HRBs. Specifically, we tested whether prefrontal functioning moderates the link between neural sensitivity to risky outcomes and HRBs. We assessed hemodynamic correlates of cognitive conflict within a multisource interference task, a task developed and validated to reliably elicit interference-related activity in the dorsal anterior cingulate cortex (dACC) (Bush, Shin, Holmes, Rosen, & Vogt, 2003; Fitzgerald et al., 2010; Perkins, Welsh, Stern, Taylor, & Fitzgerald, 2013) . Hemodynamic correlates of risk sensitivity were assessed using a lottery task in which the variance of outcomes differed across trials, controlling for the expected value of decision options. In similar lottery tasks, risk-related activity has most consistently and specifically been identified in the anterior insular cortex (Platt & Huettel, 2008; see Mohr et al., 2010 for review) .
METHODS

Participants
The current sample included 24 late adolescents (18 males and six females) ages 17-20 years (M = 18.56, SD = 1.08), who were 100% non-Hispanic White from southwestern Virginia. Participants for this study were recruited from a community sample of adolescents who participated in an existing study. As a part of data collection for the existing study, adolescents reported HRBs. Based on these HRB data, we recruited adolescents whose HRBs were relatively high (n = 12; e.g., using a drug a few times a week to every day and/or having six or more sexual partners in lifetime) and demographically matched adolescents whose HRB levels were relatively low (n = 12; e.g., never to used a drug 3-5 times in lifetime), following the oversampling extreme observations strategy to maximize individual differences in HRBs in a small sample (e.g., McClelland & Judd, 1993) . The items that determined high versus low HRB levels were chosen because they are widely used to assess severe levels of substance use or key elements of sexual risk for exposure to human immunodeficiency virus (HIV) and sexually transmitted diseases (STDs) among late adolescents (e.g., Johnston, O'Malley, Bachman, Schulenberg, & Miech, 2014; Saewyc et al., 2006) . This community sample's ethnic and socioeconomic demographics closely matched those of southwest Virginia in the most recent U.S. Census at the time of data collection (United States Census Bureau, 2012). In terms of demographic characteristics, the high-and low-HRB adolescents were matched on age (M = 18.8 years for the high-HRB adolescents and M = 18.3 years for the low-HRB adolescents), gender (three females and nine males for both), ethnicity (100% White for both), and parents' highest education degree (M = 5.8 for high-HRB adolescents and M = 5.7 for low-HRB adolescents with 5 indicating associate degree). The sample showed a typical range of intellectual functioning for community samples, based on performance on the Wechsler Test of Adult Reading (Wechsler, 2001) , with the range of the IQ scores = 83-134 (M = 114.33, SD = 13.34). All participants provided written consent or assent (along with parent's consent) for a protocol approved by the university's institutional review board.
Measures
Health risk behaviors. Participants were asked to indicate typical frequency and age of initiation of cigarette, alcohol, and marijuana use (CDC, 2012) . Standardized scores of substance use severity (based on frequency) and onset were averaged across cigarette, alcohol, and marijuana use to obtain a substance use severity composite score (a = .79) and a substance use onset composite score (a =.75). To assess risky sexual behaviors, adolescents completed questions regarding age at sexual debut, number of sex partners in lifetime, condom use at last intercourse, and alcohol/drug use before/during sexual intercourse. A composite score of risky sexual behavior severity was generated by averaging standardized scores of the number of sex partners, condom use, and alcohol/drug use before/during sexual intercourse (a = .91). A composite HRB variable was generated by averaging standardized scores of (1) substance use severity, (2) substance use onset, (3) risky sexual behavior severity, and (4) sexual behavior onset.
fMRI data of risk sensitivity and cognitive control.
Imaging acquisition and analysis. For both tasks, functional images were acquired using a 3.0T Siemens Tim Trio (Siemens, Erlangen, Germany) with the following parameters: echo-planar images hyperangulated 30°from the anterior commissureposterior commissure line, gradient recalled echo; repetition time (TR) = 2 s; echo time (TE) = 30 ms; flip angle = 90°; 34 axial slices, 4.0 mm slice thickness, 220 9 220 mm field of view (FOV), 64 9 64 grid. The structural scan was acquired using a high-resolution magnetization prepared rapid acquisition gradient echo sequence (TR = 1200 ms, TE = 2.66 ms, FOV = 245 9 245 mm, 1 mm slice thickness, 192 slices with spatial resolution of 1 9 1 9 1 mm).
Risk processing task parameters. To identify neural regions associated with risk sensitivity, participants engaged in a modified economic lottery choice task (Holt & Laury, 2002) in which they made choices to accept or reject uncertain gambles while their blood-oxygen-level-dependent (BOLD) response was recorded. As illustrated in Figure 1a , participants were given the option to either accept the gamble at a cost that ranged from 1 to 7 dollars or reject the gamble at no cost. Participants understood that each of their choices in the task was equally likely to be picked because five of their choices would be selected at random ex post to determine their earnings (real money). Participants received a base pay for their participation and were told that the earnings in the task would be added or subtracted from their base pay. This was done to provide monetary incentive for our economic risk task (Smith, 1976) . In actuality, no money was deducted from the participant's compensation, and any gains from the task were added to their total at the end of the study.
Options were displayed for 4 s, after which participants were able to enter a decision using two buttons of an MR-compatible response pad. Participants were able to enter a response for up to 2 s. Following participants' button press responses, a 4-s wait period elapsed before the outcome of the lottery was displayed for 4 s (see Figure 1b) . Lotteries varied by risk level, defined as the variance of potential outcomes (low variance outcomes = $4: $4, mid = $2:$6, high = $0:$8). The probability associated with each outcome was held constant at 50%, and the expected value of lottery outcomes was held constant (i.e., $4). The outcomes and costs varied for each of 54 trials and were matched across level of risk (low, mid, high), and the order of lotteries was randomized. The task took approximately 13 min to complete. After completing the task, participants randomly selected five numbers between 1 and 54, and these five numbers were used to identify five gambles according to a list in a sealed envelope given to participants. The earnings for each of the participant's five selected gambles were summed, and the participant received that amount or $20, whichever was higher.
At the first level of the generalized linear model (GLM), two events were modeled: the onset of the lottery and the 4-s wait period prior to the decision outcome. Two parametric modulators of the wait period representing (1) the risk level (low, mid, high) and (2) the expected outcome minus cost of each lottery were included as regressors, in addition to six motion-parameter covariates. Separate analyses for the first, second, and third blocks of trials were carried out (in each block of 18 trials, the percent of risk level was equal, comprised of six low, six mid-, and six high risk levels) and revealed that risk-related activity in anterior insula (AI) decreased with increasing experience with the task. Thus, the risk-related region of interest (ROI) analysis reported below was derived from the first third of trials (regardless of whether participants chose to accept or reject the lottery). Second-level pooled analysis, illustrated in Figure 1c , revealed that hemodynamic activity was maximally related to increasing level of risk in right AI (coordinates = 33, 23, À5; p < .001, uncorrected), consistent with prior reports (for review, see Mohr et al., 2010) . The value of the first eigenvariate for each subject surrounding the peak voxel of activation within the anatomically defined anterior cingulate was extracted using a spherical mask of 6 mm thresholded at p < .005. One participant's risk processing data were not usable due to recording errors, but the structural equation model (SEM) analyses included this participant using full-information maximum-likelihood estimation that permits partial data cases and maximizes the likelihood of the model given the observed data available (Arbuckle, 1996) .
For the behavioral measure, constant relative risk aversion (CRRA) was calculated based on the first third of trials (regardless of whether participants chose to accept or reject the lottery) using the utility function u (x) = x 1 À r , where u = utility function for money x, implying risk preference for r < 0, risk neutrality for r = 0, and risk aversion for r > 0 (Holt & Laury, 2002) . Using maximum-likelihood estimation, choices were fit to a logistic function P(chosen) = 1/1 + e c(EUrisky À EUsafe)
, where P(chosen) corresponds to the predicted probability of the chosen option, c corresponds to inverse temperature (i.e., a measure of relative consistency in choice selection), and EU represents the expected utility of the option. Cognitive control task parameters. To identify neural regions involved in cognitive control, participants engaged in the Multi-Source Interference Task (MSIT; Bush et al., 2003) illustrated in Figure 1c , while BOLD signal was recorded. The MSIT requires participants to indicate which of three numbers is different from the other two. In congruent trials, target numbers were presented among zeros, and numbers were congruent with presented locations. In incongruent trials, target numbers were presented among nonzero integers and were incongruent with the target locations (e.g., 2 was in the third position). Following Bush et al.'s (2003) study, we used difference scores for reaction time (RT)-that is, incongruent RT minus congruent RT. Consistent with previous reports (Bush et al., 2003) , we found a significant interference effect in RT: t(23) = 21.05, p < .001. For imaging data, events for congruent block and incongruent block trials were modeled with block durations of 42 s and convolved with a canonical hemodynamic response function. In addition to the congruent and incongruent block regressors of interest, six motion-parameter covariates were included. For each participant, incongruent and congruent conditions were contrasted, as illustrated in Figure 1d ,e, and individual-level ROI values were extracted from these contrasts using dACC coordinates reported by Bush et al. (2003) . Specifically, the first eigenvariate value of the contrast image was extracted using a spherical mask of 6 mm surrounding coordinates À8, 19, 44, representing MNI conversion of coordinates in dACC (24c 0 /32 0 ), thresholded at p < .005.
Data analysis
We used two-group SEMs to test our hypothesis regarding the moderating effects of cognitive control in the link between risk sensitivity and HRBs; moderation effects could be tested by the difference in model fits using the change in the comparative fit index (CFI) that is not affected by sample size (i.e., ΔCFI >.01 reflects a meaningful difference in model fit; Cheung & Rensvold, 2002) . We formed high dACC activation (above median) versus low dACC activation (below median) groups using dACC brain activity scores and compared two nested models: the configural invariance model in which all parameters were freely estimated across the two groups and the equal effects model in which an equality constraint was imposed to test numeric invariance between low and high cognitive control groups with respect to the effect of risk sensitivity on HRBs. If the strength of the association between risk sensitivity and HRBs significantly differs between the two cognitive control groups, model fit should become significantly worse by imposing an equality constraint.
RESULTS
Region of interest-extracted dACC values of the MSIT were significantly correlated with behavioral RT data: r (24) = .37 (one-tailed p = .05). The result is consistent with prior research demonstrating the association between increased RT and higher fMRI signal during the MSIT (Bush et al., 2003) as well as significant condition (congruent vs. incongruent) effects (Bush et al., 2003; Fitzgerald et al., 2010) . Furthermore, medial prefrontal cortex activation during MSIT has been found to decrease with age (Perkins et al., 2013) . Taken together, findings suggest that participants who were more challenged by the incongruent condition exhibited greater differentiation in hemodynamic activity between conditions (see plots in the appendix). Thus, higher dACC scores indicate poorer cognitive control. There was a trend showing that high AI values of the risk processing task were related to high CRRA values: r (16) 1 = .27, p = .31. Additionally, high AI activation was significantly correlated with low HRBs: r (23) = À.41, p = .03 for the whole sample. The correlation was higher in the high dACC group [r (12) = À.64, p = .03], compared to the low dACC group [r (11) = À.17, p = .62]. Research has shown that risk aversion and insula activation during decision making under risk show robust increases with age (Paulsen, Carter, Platt, Huettel, & Brannon, 2012) . Taken together, findings suggest that greater AI activation implies more mature risk processing.
The results indicated significant differences between the low and high dACC groups with respect to the association between AI activation during risk processing and HRBs, with ΔCFI = .24 [v 2 (0) = 0, p = .00, CFI = 1.00 for configural invariance model, and v 2 (1) = 2.02, p = .15, CFI = .76 for equal effects model]. As shown in Figure 2 , AI was a significant predictor of HRBs for those showing high dACC activation, explaining 41% of the variance (b = À1.53, SE = .53, p = .004; b* = À0.64, 95% confidence interval (CI) [À0.97; À0.30]). However, AI was not a significant predictor for those showing low dACC activation, explaining 1% of the variance (b = À0.23, SE = .71, p = .75; b* = À0.09, 95% CI [À0.65; 0.47]). The findings were consistent when examined separately for four individual variables of the HRBs composite (i.e., severity and onset of substance use and risky sex), showing that AI explained 22-52% of the variance in HRBs (b* = 0.47-0.72) for those with high dACC activation, compared to 1-6% of the variance (b* = 0.10-0.24) for those with low dACC activation.
Additionally, we tested the moderation effects of cognitive control using behavioral performance on MSIT (reaction time). SEM results indicated nonsignificant moderating effects, with ΔCFI = 0 between the configural invariance model and the equal effects model [v 2 (0) = 0, p = .00, CFI = 1.00 for configural invariance model, and v 2 (1) = 0.09, p = .77, CFI = 1.00 for equal effects model]. Regardless of the RT levels, high levels of risk-related insula activity were related to low levels of selfreported HRBs: b = À1.29, SE = .44, b* = À0.52, p = .003. Overall, the findings suggest that neural indicators of cognitive control-even in the absence of effects by behavioral indicators of cognitive control-have moderating effects that distinguish a subgroup of individuals for whom insula activation during risk processing is linked to HRBs.
DISCUSSION
Based on theoretical models that emphasize the moderating role of cognitive control over reactivity (Carver et al., 2008; Ernst & Fudge, 2009 ), we tested whether neural correlates of cognitive control and risk sensitivity may interact to produce differential vulnerability to HRBs. We found evidence of the hypothesized interaction between AI activation during risk processing and dACC activation during cognitive interference processing. Lower levels of AI activation were substantially related to higher levels and earlier onset of HRBs among late adolescents with high dACC activation (greater neural responses associated with poorer cognitive control) but not among late adolescents with low dACC activation (diminished neural responses associated with stronger cognitive control). Some theories of adolescent risk taking, including the triadic model, have suggested the potential role of AI in harm avoidance (Richards, Plate, & Ernst, 2013) . Similarly, a recent review emphasizes the importance of including AI in developmental models of risk taking and decision making (Smith, Steinberg, & Chein, 2014) ; however, no empirical study has yet examined its role related to adolescent risk-taking behavior. Our finding illustrates how AI and dACC interact with each other to predict individual differences in adolescent risk-taking behaviors in real-world contexts.
The present study presents preliminary evidence for the moderating role of cognitive control in the link between risk sensitivity and HRBs at the level of neural correlates. Previous studies have shown weak main effects of risk processing (such as punishment sensitivity) and cognitive control. For example, self-reported or behavioral performance of punishment sensitivity is not significantly associated with substance use among adolescents (Colder et al., 2013; Van Leeuwen, Creemers, Verhulst, Ormel, & Huizink, 2011) . Further, a recent longitudinal study involving a community sample of adolescents reported that poor inhibition performance was significantly yet weakly related to later alcohol and marijuana use (Squeglia, Jacobus, Nguyen-Louie, & Tapert, 2014) . In contrast, a couple of recent studies found significant moderation effects of cognitive control on risk sensitivity (shown as punishment sensitivity and fear reactivity), showing that low risk sensitivity was related to high risk taking and substance use behaviors among young adults with weak cognitive control but not among those with strong cognitive control (Jonker, Ostafin, Glashouwer, van Hemel-Ruiter, & de Jong, 2014; Kim-Spoon, Holmes, & Deater-Deckard, 2015) . In light of previous work, our results make theoretical contributions to the research on adolescent brain development and risk taking by suggesting the neural interaction between cognitive control and risky decision processes that explain individual differences in HRBs. Notably, our data demonstrate that the moderating effect of cognitive control was evident when using the neural activation of cognitive control but not the behavioral measure.
Research has shown a significant interaction between reward seeking (as opposed to risk sensitivity) and cognitive control such that among early adolescents with weak cognitive control (indicated by poor performance and heightened prefrontal activity during an interference control task), those with high reward seeking (indicated by self-reported behavioral activation system) are more likely to initiate substance use at an early age. However, reward seeking did not promote substance use among early adolescents with strong cognitive control . Mid-adolescents show heightened reward sensitivity relative to adults (Ernst et al., 2005; Geier, Terwilliger, Teslovich, Velanova, & Luna, 2010; Van Leijenhorst et al., 2010) . During early to mid-adolescence, regulating effects of cognitive control on reward seeking may be particularly important for delaying initiation of substance use. In contrast, the findings from the current study and Jonker et al.'s (2014) study suggest that regulating effects of cognitive control on risk sensitivity (indicated by heightened insula activity and self-reported punishment sensitivity) may be particularly important for demoting progression to severe HRBs among late adolescents and young adults. Future research should consider possible differential pathways by which reward seeking and risk sensitivity may interface with cognitive control to contribute to the development-onset, course, and trajectory-of HRBs.
Findings from the current study should be interpreted in the context of study limitations. First, the cross-sectional design and analyses do not allow us to infer causality in the identified relationships, and such inferences should be examined in future longitudinal studies. Second, although findings with sufficient effect sizes (that are not affected by sample size) that adhere to our theoretically based model help to alleviate the issue of small sample size, generalizability of this work would benefit from future replications with a larger, more ethnically diverse, and gender-balanced sample. Third, focusing on AI and dACC represents a simplistic, limited approach to testing the dual systems models. Future researchers should consider ways to simultaneously consider multiple, carefully chosen ROIs such as using latent factor modeling (e.g., Nees et al., 2012) . Finally, future research should explore factors that may determine the directions of the regulating effects of cognitive control to predict adolescent HRBs. In their fuzzy trace theory, Reyna and Farley (2006) proposed two distinct routes to risk taking: a reactive route resulting in impulsive risk taking driven by a failure to inhibit behavior versus a reasoned route resulting in intentional risk taking. Future research would benefit from examining whether cognitive modulation demotes impulsive risk taking or promotes intentional risk taking depending on internal and external factors.
Our innovative approach using neural variables illustrates how cognitive control regulates the contribution of risk sensitivity to real-life risk-taking behaviors among late adolescents. Our findings present preliminary evidence of the moderation effects of cognitive control at neural levels, illustrating how individual differences in adolescent HRBs can be explained by joint contributions of two neural systems theorized to influence the development of risk taking-valuation and cognitive control neural systems. In supporting the theoretically hypothesized moderating role of prefrontal functioning, our results imply that the interaction between the valuation and control systems may be crucial to identifying subgroups of adolescents most vulnerable to developing maladaptive HRBs. Adolescent HRBs can result from diminished avoidance of potential negative consequences associated with a risky behavior, but if enough cognitive control capacity is available, the biased processing of risk can be regulated, resulting in a reduction of HRBs. 
FIGURE A
Associations of dACC activation with reaction time difference (interference minus congruent conditions) scores. N = 24.
